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In this work we evaluate the masses of the |(bs¯)[n]〉 or |(b¯s)[n]〉 quarkonium (B¯0s or B0s meson)
under the B.T. potential, and the values of the Schro¨dinger radial wave function at the origin of the
|(bs¯)[n]〉 or |(b¯s)[n]〉 quarkonium within the five potential models. Then we investigate a systematic
study on the production of the |(bs¯)[n]〉 or |(b¯s)[n]〉 quarkonium via top quark or antitop quark
decays in the color-singlet QCD factorization formula (CSQCDFF), i.e., the two S-wave states,
|(bs¯)[11S0]〉 (or |(b¯s)[11S0]〉) and |(bs¯)[13S1]〉 (or |(b¯s)[13S1]〉), and its four P -wave excited states,
|(bs¯)[11P1]〉 (or |(b¯s)[11P1]〉) and |(bs¯)[13PJ ]〉 (or |(b¯s)[13PJ ]〉) (with J = [0, 1, 2]). For deriving
compact analytical results for complex processes, the “improved trace technology” is adopted to
deal with the decay channels at the amplitudes. Moreover, various differential distributions and
uncertainties of the concerned processes are analyzed carefully. By adding the uncertainties caused
by the b and s-quark masses in quadrature, we obtain Γ(t→ |(bs¯)[n]〉 +W+s) = 14.19+4.36−3.20 MeV.
At the LHC with the luminosity L ∝ 1034cm−2s−1 and the center-of-mass energy
√
S = 14 TeV,
sizable |(bs¯)[n]〉 or |(b¯s)[n]〉 meson events can be produced through t-quark or t¯-quark decays; i.e.,
about 1.3 × 106 B¯0s or B0s events per year can be obtained.
PACS numbers: 12.38.Bx, 14.65.Ha, 14.80.Bn, 14.40.Pq
I. INTRODUCTION
The CDF and D0 Collaborations at the Tevatron have
successfully collected numerous data for the B¯0s and B
0
s
meson [1–4]. The LHC shall also provide a good plat-
form to study the properties of the B¯0s and B
0
s meson,
e.g., recent results and review papers on the B¯0s and B
0
s
meson measurements and searches by the LHCb, CMS,
and ATLAS Collaborations at the LHC can be found in
Refs. [5–10].
The B¯0s and B
0
s meson form an interesting experi-
ment and theory for the study of the quantum chromo-
dynamics (QCD) and new physics (NP), which can be
used to study those interesting topics as the QCD model
building, the electroweak symmetry breaking mechanism,
charge-parity (CP) violation, new physics beyond the
Standard Model (SM) and etc. [11–14]. Taking into ac-
count the prospects of the B¯0s or B
0
s meson production
and decay at the TEVATRON and at the running LHC,
the future numerous data require more accurate theoret-
ical predictions on its hadronic production and indirect
production through weak-decay processes.
In general, the band states of the (c¯c) ,(b¯c) and (b¯b)
quarkonium are the heavy quarkonium. But the B0s me-
son contains b-heavy quark, which can also be approxi-
mated as the heavy quarkonium. Thus, it is beneficial
to study the production and decay properties of the B0s
meson. For the B¯0s or B
0
s meson direct production, vari-
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ous investigations has been carried out studied in detail
in Refs. [15–18]. The B¯0s or B
0
s meson indirect produc-
tion through the Z0 boson and high excited Υ(nS) meson
decays has been measured and discussed in Refs. [19–
24]. Although in literature the direct hadronic produc-
tion of the B¯0s or B
0
s meson has been thoroughly studied
in Refs. [17, 18] and CDF discovered the meson which just
comes from the hadroproduction. As a compensation to
understanding the production mechanisms, and also test-
ing the perturbative quantum chromodynamics (pQCD)
and the QCD factorization formula. It is quite interest-
ing that to study the indirectly production of the B¯0s or
B0s through top quark or antitop quark decays, especially
on considering the fact that numerous t-quark or t¯-quark
may be produced at the LHC. At the LHC running at the
center-of-mass energy
√
S = 14 TeV and luminosity rais-
ing up to L ∝ 1034cm−2s−1 [25, 26], about 108 tt¯ quark
per year will be produced. More t-quark or t¯-quark rare
decays can be adopted for precise studies at the LHC.
This paper is devoted to study the indirect production
of the B¯0s or B
0
s meson via t-quark or t¯-quark decays.
The theoretical studies of the bound states is based on
the factorization formula, which includes the color-singlet
QCD factorization formula (CSQCDFF) [27], the nonrel-
ativistic quantum chromodynamics (NRQCD) [28], the
k⊥-factorization [29] and etc. The CSQCDFF is a use-
ful method for studying on the production and decays of
the quarkinum. According to the CSQCDFF, the pro-
cesses of the production and decays of the quarkinum
can be factorized as two parts of the perturbatively cal-
culable short-distance coefficients and the nonperturba-
tive long-distance factors. In present paper it is investi-
gated a systematic study of the indirect production of
2the |(bs¯)[n]〉 or |(b¯s)[n]〉 quarkonium via t-quark or t¯-
quark decays within the CSQCDFF. To derive the an-
alytical expression of the pQCD calculable conventional
squared amplitudes becomes too complex and lengthy
for more (massive) particles in the final states and for
the excited states to be generated for the emergence of
massive-fermion lines in the Feynman diagrams, espe-
cially to derive the squared amplitudes of the P -wave
states. In Refs. [30–37], the “improved trace technol-
ogy” is suggested and developed to solve the problem.
Here we adopt the “improved trace technology” to de-
rive the analytical expression for the above-mentioned
processes. Without confusing and for simplifying the
statements, later on we will not distinguish the B¯0s and
B0s meson unless necessary. Because of the production
of the |(bs¯)[n]〉 or |(b¯s)[n]〉 meson through t-quark or t¯-
quark decays channels, i.e., t → |(bs¯)[n]〉 + W+s and
t¯ → |(b¯s)[n]〉 + W−s¯, and t → |(b¯s)[n]〉 + W+b and
t¯ → |(bs¯)[n]〉 +W−b¯, are symmetric in the interchange
from particle to anti-particle.
The rest is organized as follows. In Sec. II, we intro-
duce the calculation techniques for the above-mentioned
t-quark and t¯-quark decays to the |(bs¯)[n]〉 quarkonium.
In order to calculate the production of the |(bs¯)[n]〉
quarkonium and its excited states, we evaluate the
masses of the |(bs¯)[n]〉 quarkonium with the energy eigen-
value of the nonrelativistic Schro¨dinger equation. In
Sec.III, we calculate and tabulate the masses of the
|(bs¯)[n]〉 quarkonium and its values of the Schro¨dinger
radial wave functions at the origin. Then, we investigate
a systematic study on the production of |(bs¯)[n]〉 through
t-quark and t¯-quark decays channels, i.e., t→ |(bs¯)[n]〉+
W+s and t¯→ |(bs¯)[n]〉+W−b¯, where |(bs¯)[n]〉 stands for
|(bs¯)[11S1]〉, |(bs¯)[13S1]〉, |(bs¯)[11P1]〉, and |(bs¯)[13PJ ]〉
(with J = [0, 1, 2]). We make some discussions on the
various differential distributions and the uncertainties of
the decays widths by the masses of the |(bs¯)[n]〉 quarko-
nium and the correspondingly values of the Schro¨dinger
radial wave functions at the origin. The final section is
reserved for a summary.
II. CALCULATION TECHNIQUES AND
MATRIX ELEMENT 〈OH(n)〉
A. Calculation techniques
For the production of the |(bs¯)[n]〉 meson through t-
quark and t¯-quark decays channels, t(k)→ |(bs¯)[n]〉(q3)+
W+(q2)+s(q1) and t¯(k)→ |(bs¯)[n]〉(q3)+W−(q2)+ b¯(q1),
where k and qi (i = 1, 2, 3) are the momenta of the corre-
sponding particles, according to the CSQCDFF, its total
decay widths dΓ can be factorized as [27]
dΓ =
∑
n
dΓˆ(t→ |(bs¯)[n]〉+W+s)〈OH(n)〉,
t(k) t(k)
b(q31) b(q31)
(bs¯)[n](q3) (bs¯)[n](q3)
s¯(q32) s¯(q32)
s(q1)
W+(q2) W
+(q2)
s(q1)
FIG. 1: (color online). Feynman diagrams for the process
t(k)→ |(bs¯)[n]〉(q3) +W+(q2) + s(q1), where |(bs¯)[n]〉 stands
for |(bs¯)[1S0]〉, |(bs¯)[3S1]〉, |(bs¯)[1P1]〉, and |(bs¯)[3PJ ]〉 (with
J = [0, 1, 2]), respectively.
t¯(k) t¯(k)
s¯(q32)
s¯(q32)
(bs¯)[n](q3) (bs¯)[n](q3)
b(q31) b(q31)
b¯(q1)
W−(q2) W−(q2)
b¯(q1)
FIG. 2: (color online). Feynman diagrams for the process
t¯(k)→ |(bs¯)[n]〉(q3) +W−(q2) + b¯(q1), where |(bs¯)[n]〉 stands
for |(bs¯)[1S0]〉, |(bs¯)[3S1]〉, |(bs¯)[1P1]〉, and |(bs¯)[3PJ ]〉 (with
J = [0, 1, 2]), respectively.
dΓ =
∑
n
dΓˆ(t¯→ |(bs¯)[n]〉+W−b¯)〈OH(n)〉. (1)
where the nonperturbative matrix element 〈OH(n)〉 de-
scribes the hadronization of a bs¯ pair into the observable
quark state H and is proportional to the transition prob-
ability of the perturbative state bs¯ into the bound state
|(bs¯)[n]〉 quarkonium. The matrix elements 〈OH(n)〉 for
the color-singlet components can be directly related to
the Schro¨dinger wave functions at the origin for the S-
wave states and the first derivative of the wave func-
tions at the origin for the P -wave states, which can be
computed via the potential models [37–42]. The nonper-
turbative matrix element 〈OH(n)〉 can also be obtained
via potential NRQCD (pNRQCD) [43, 44] and/or lattice
QCD [45].
The hard-scattering amplitudes for specified processes
can be dealt with
t→ |(bs¯)[n]〉+W+s,
t¯→ |(bs¯)[n]〉+W−b¯. (2)
The Feynman diagrams of the two processes, t(k) →
|(bs¯)[n]〉(q3) +W+(q2) + s(q1) and t¯(k)→ |(bs¯)[n]〉(q3) +
W−(q2)+ b¯(q1), are presented in Figs. 1 and 2, where the
intermediate gluon should be hard enough to produce a
ss¯ pair or bb¯ pair, so the amplitudes are pQCD calculable.
These amplitudes of the above-mentioned channels can
be generally expressed as
iM = CS u¯si(q1)
m∑
n=1
Anus′j(k), (3)
3where m stands for the number of Feynman diagrams,
s and s′ are spin states, and i and j are color in-
dices for the outing quark and the initial top quark or
antitop quark, respectively. The overall factor CS =
(2gg2sVtq/3
√
2)δij stands for the specified quarkonium
in the color-singlet, here Vtq is the Cabibbo-Kobayashi-
Maskawa (CKM) matrix element, where Vtq = Vtb stands
for the processes t→ |(bs¯)[n]〉 +W+s, and Vtq = Vts for
t¯→ |(bs¯)[n]〉+W−b¯. While for production the 1S0 (3S1)
states of the (bs¯)[n]〉 quarkonium via the decays channel
t(k)→ |(bs¯)[n]〉(q3)+W+(q2)+s(q1), the amplitudes An
can be written as
A1 =
[
γα
Π
0(ν)
q3 (q)
(q1 + q32)2
γα
(/q1 + /q3) +mb
(q1 + q3)2 −m2b
/ǫ(q2)(1 − γ5)
]
q=0
,(4)
A2 =
[
γα
Π
0(ν)
q3 (q)
(q1 + q32)2
/ǫ(q2)(1 − γ5)
(/q2 + /q31) +mt
(q2 + q31)2 −m2t
γα
]
q=0
.(5)
For the 1P1-wave states, An can be written as
AS=0,L=11 = εµl (q3)
d
dqµ
[
γα
Π0q3(q)
(q1 + q32)2
γα
(/q1 + /q3) +mb
(q1 + q3)2 −m2b
/ǫ(q2)(1 − γ5)
]
q=0
, (6)
AS=0,L=12 = εµl (q3)
d
dqµ
[
γα
Π0q3(q)
(q1 + q32)2
/ǫ(q2)(1 − γ5)
(/q2 + /q31) +mt
(q2 + q31)2 −m2t
γα
]
q=0
, (7)
and the 3PJ -wave states (J = 0, 1, 2)
AS=1,L=11 = εJµν(q3)
d
dqµ
[
γα
Πνq3(q)
(q1 + q32)2
γα
(/q1 + /q3) +mb
(q1 + q3)2 −m2b
/ǫ(q2)(1− γ5)
]
q=0
, (8)
AS=1,L=12 = εJµν(q3)
d
dqµ
[
γα
Πνq3(q)
(q1 + q32)2
/ǫ(q2)(1 − γ5)
(/q2 + /q31) +mt
(q2 + q31)2 −m2t
γα
]
q=0
. (9)
Where mbs¯ = mb + ms is implicitly adopted to ensure
the gauge invariance of the hard scattering amplitude.
ε(q2) is the polarization vector of W
+ boson. εs(q3) and
εl(q3) are the polarization vectors relating to the spin and
the orbit angular momentum of the |(bs¯)[n]〉 quarkonium,
εJµν(q3) is the polarization tensor for the spin triplet P -
wave states (with J = [0, 1, 2]). The covariant form of
the projectors can be conveniently written as
Π0q3(q) =
−√mbs¯
4mbms
(/q32−ms)γ5(/q31+mb)
⊗ 1c√
Nc
, (10)
and
Πνq3(q) =
−√mbs¯
4mbms
(/q32−ms)γν(/q31+mb)
⊗ 1c√
Nc
. (11)
Here 1c stands for the unit color matrix with Nc = 3 for
the QCD.
After substituting these projectors into the above am-
plitudes and doing the possible simplifications, the am-
plitudes then can be squared, summed over the freedoms
in the final state and averaged over the ones in the ini-
tial state. The selection of the appropriate total angular
momentum quantum number is done by performing the
proper polarization sum. If defining
Πµν = −gµν + q3µq3ν
M2
, (12)
the sum over polarization for a spin triplet S-state or a
spin singlet P -state is given by∑
Jz
εµε
∗
µ′ = Πµµ′ , (13)
where Jz = sz or lz respectively. In the case of
3PJ
states, the sum over the polarization is given by [46]
ε(0)µν ε
(0)∗
µ′ν′ =
1
3
ΠµνΠµ′ν′ (14)∑
Jz
ε(1)µν ε
(1)∗
µ′ν′ =
1
2
(Πµµ′Πνν′ −Πµν′Πµ′ν) (15)
∑
Jz
ε(2)µν ε
(2)∗
µ′ν′ =
1
2
(Πµµ′Πνν′ +Πµν′Πµ′ν)− 1
3
ΠµνΠµ′ν′ .(16)
The amplitudes An of the t¯ → |(bs¯)[n]〉 + W−b¯ in the
formulas are similar in the above-mentioned decays chan-
nels, so do not listed here to shorten the paper.
Finally, the short-distance decay widths are given by
dΓˆ(t→ |(bs¯)[n]〉+W+s) = 1
2k0
∑
|M |2dΦ3,
dΓˆ(t¯→ |(bs¯)[n]〉+W−b¯) = 1
2k0
∑
|M |2dΦ3. (17)
where
∑
means that one needs to average over the spin
and color states of the initial particle and to sum over
the color and spin of all the final particles.
4In the top quark or antitop quark rest frame, the three-
particle phase space can be expressed as
dΦ3 = (2π)
4δ4

k − 3∑
f
qf

 3∏
f=1
d3~qf
(2π)32 q0f
. (18)
The 1 → 3 phase space with massive quark/antiqark
in the final state has been calculated to simplify proce-
dures in Refs. [30, 32]. To shorten the paper, we shall
not present it here and the interested reader may turn
to these two references for the detailed technology. We
can not only derive the whole decay widths but also ob-
tain the corresponding differential decay widths that are
helpful for experimental studies with the help of the for-
mulas listed in Refs. [30, 32], such as dΓ/ds1, dΓ/ds2,
dΓ/d cos θ12, and dΓ/d cos θ13, where s1 = (q1 + q2)
2,
s2 = (q1 + q3)
2, θ12 stands for the angle between ~q1 and
~q2, and θ13 for ~q1 and ~q3.
For the present considered the squared amplitude
of top quark semi-exclusive decay process, t(k) →
(bs¯)[n](q3)+W
+(q2)+s(q1), there are two massive spinors
of top quark and s-quark. So to achieve the analytical
expression for the squared amplitude becomes too com-
plex and lengthy in the conventional way, especially for
P -states of |(bs¯)[n]〉 meson. For solved the problem, we
adopt ‘new trace amplitude approach’ to deal with the
hard scattering amplitude (3) for such complicated pro-
cesses at the amplitude level. In a difference from the
helicity amplitude approach [47–50], only the coefficients
of the basic Lorentz structures are numerical at the am-
plitude level. However, by using the “improved trace
technology” in Refs. [30–37], one can sequentially obtain
the squared amplitudes, and the numerical efficiency can
also be greatly improved. Detailed processes of the ap-
proach can be found in Refs. [30–35], and here for self-
consistency, we shall present its main idea in appendix.
Finally, the partial decay widths over s1 and s2 can be
expressed as
dΓ
ds1ds2
=
〈OH(n)〉
256π3m3t
(
∑
|M |2). (19)
where mt is the mass of the top quark.
According to the CSQCDFF [27], the color-singlet non-
perturbative matrix element 〈OH(n)〉 can be related to
the Schro¨dinger wave function ψ(bs¯)(0) at the origin and
the first derivative ψ′(bs¯)(0) for S and P -wave states of
the |(bs¯)[n]〉 quarkonium.
〈OH(nS)〉 ≃ |ψ|(bs¯)[nS]〉(0)|2,
〈OH(nP )〉 ≃ |ψ′|(bs¯)[nP ]〉(0)|2. (20)
As the spin-splitting effects are small, we will not dis-
tinguish the difference between the wave function pa-
rameters for the spin-singlet |(bs¯)[11S1]〉 and spin-triplet
|(bs¯)[13S1]〉 states, also not discriminate the difference
among the wave function parameters for |(bs¯)[11P1]〉 and
|(bs¯)[13PJ ]〉 (with J = [0, 1, 2]) in following calculation.
B. Mass of the |(bs¯)[n]〉 quarkonium and matrix
element 〈OH(n)〉
The mass spectrum of the |(bs¯)[n]〉 bound states has
the form
Mn(|(bs¯)[n]〉) = mb +ms + En(mb,ms, V (~r)). (21)
wheremb andms are the current quark masses in theMS
scheme, and En(mb,ms, V (~r)) is the energy eigenvalue
of the nonrelativistic Schro¨dinger equation with a flavor-
dependent potential models V (~r) [37].
According to the CSQCDFF [27], the color-singlet
nonperturbative matrix element 〈OH(n)〉 can be related
to the wave function at the origin. In the rest frame
of the |(bs¯)[n]〉 quarkonium, it is can be separated the
Schro¨dinger wave function into radial and angular pieces
Ψnlm(~r) = Rnl(r)Ylm(θ, ϕ), where n is the principal
quantum number, and l and m are the orbital an-
gular momentum quantum number and its projection.
Rnl(r) and Ylm(θ, ϕ) are the radial wave function and
the spherical harmonic function accordingly. The wave
function at the origin Ψ|bs¯)[nS]〉(0) and the first deriva-
tive Ψ′|(bs¯)[nP ]〉(0) are related to the radial wave func-
tion at the origin R|(bs¯)[nS]〉(0) and the first derivative
R
′
|(bs¯)[nP ]〉(0), accordingly.
Ψ|(bs¯)[nS]〉(0) =
√
1/4πR|(bs¯)[nS]〉(0),
Ψ′|(bs¯)[nP ]〉(0) =
√
3/4πR′|(bs¯)[nP ]〉(0). (22)
III. NUMERICAL RESULTS AND
DISCUSSIONS
A. Input parameters
The values of the wave function at the origin for the
|(bs¯)[n]〉 quarkonium are related to the number of flavor
quark nf , the Regge slope α
′, the 1-loop beta-function
coefficient β0 and the 2-loop beta-function coefficient
β1, the renormalization scale parameters ΛMS , and so
forth, where MS is the modified minimal subtraction
scheme. In calculating the wave function at the origin
of the |(bs¯′)[n]〉 quarkonium within the five potentials
[37, 51], we adopt the Regge slope α′ = 1.067GeV −2,
and the scale parameters Λ
MS
as Λ
nf=3
MS
=0.386 GeV,
Λ
nf=4
MS
=0.332 GeV, Λ
nf=5
MS
=0.231 GeV [52]. The current
quark masses, i.e., mb = 4.19 GeV and ms = 0.101 GeV,
are chosen as derived in Ref. [52] for calculating masses
of the |(bs¯)[n]〉 quarkonium. The masses of the |(bs¯)[n]〉
quarkonium (B¯0s meson) under the Buchmu¨ller and Tye
potential (B.T. potential) [37, 39, 53, 54] are presented
in Table I, that can be derived through solving the en-
ergy eigenvalue of the Schro¨dinger equation [51]. The
values of the constituent quark masses mb and ms for
the |(bs¯)[n]〉 quarkonium and the accordingly quantities
5|R|(bs¯)[nS]〉(0)|2, |R′|(bs¯)[nP ]〉(0)|2, and |R
′′
|(bs¯)[nD]〉(0)|2 are
presented in Table II for the five potential models [37].
The five potentials are the B.T. potential, the John L.
Richardson potential (J. potential) [37, 55], the K. Igi and
S. Ono potential (I.O. potential) [37, 56, 57], the Yu-Qi
Chen and Yu-Ping Kuang potential (C.K. potential), and
Coulomb-plus-linear potential (the so-called Cor. poten-
tial) [37, 38, 54, 57], respectively. During the following
calculation, we adopt the values of wave functions at the
origin and the constituent quark masses mb and ms for
the |(bs¯)[n]〉 quarkonium under the B.T. potential in Ta-
ble II (with nf = 3) as the central values.
The input other parameters are adopted as the follow-
ing values [52, 58]: mW=80.399 GeV, mt = 172.0 GeV,
|Vtb|=0.88, |Vts|=0.0406, GF = 1.16639 × 10−5 GeV −2.
We set the renormalization scale to be mBs of the |(bs¯)〉
quarkonium for leading-order αs running , which leads to
αs(mBs)=0.26. Furthermore, we adopt the constituent
quark mass ms = 0.50 GeV and mb = 4.87 GeV for the
|(bs¯)[1S]〉 states, andms = 0.69 GeV andmb = 5.14 GeV
for the |(bs¯)[1P ]〉 states. As the masses of s-quark is
greater than Λ
MS
, so the above-mentioned processes is
pQCD calculable. To ensure the gauge invariance of the
hard amplitude, the |(bs¯)[n]〉 quarkonium mass M is set
tomb+ms, wheremb andms stand for constituent quark
mass.
B. production of the |(bs¯)[n]〉 quarkonium via
t-quark and t¯-quark decays
As a reference for branching fractions, we calculate the
decay widths for the basic processes t → b + W+ and
t¯→ s¯+W−. Their decay widths can be written as
Γ =
|Vtq |2GF |p|
2
√
2πmt
(3m2W
√
mq2 + |p|2 +
2|p|2(
√
m2q + |p|2 +
√
m2W + |p|2 )). (23)
where Vtq = Vtb and mq = mb are for processes t →
b+W+, and Vtq = Vts and mq = ms for t¯→ s¯+W−. p
stands for the relative momentum between the final two
particles in the rest frame of the top quark or antitop
quark.
|p| =
√
(m2t − (mq −mW )2)(m2t − (mq +mW )2)
2mt
. (24)
Then, we obtain Γ(t→ b+W+) = 1.131 GeV and
Γ(t¯→ s¯+W−) = 2.416 MeV.
The decay widths and branching fractions for the
|(bs¯)[n]〉 quarkonium states through the two decay chan-
nels, t → |(bs¯)[n]〉 +W+s and t¯ → |(bs¯)[n]〉 +W−b¯, are
listed in Tables III and IV within the B.T. potential.
To show the relative importance among different states
more clearly, we present the differential distributions
dΓ/ds1, dΓ/ds2, dΓ/dcosθ12, and dΓ/dcosθ13 for the
above-mentioned channels in Figs. 3 and 4. Moreover,
we define a ratio
Ri[n] =
dΓ/dsi(|(bs¯)[n]〉)
dΓ/dsi(|(bs¯)[11S0]〉) . (25)
where i = 1, 2, and n stands for 11P1, and 1
3PJ (with
J = [0, 1, 2]), respectively. The curves are presented
in Fig. 5. These figures show explicitly that the ex-
cited states, i.e., |(bs¯)[11P1]〉 and |(bs¯)[13PJ ]〉 (with J =
[0, 1, 2]), can provide sizable contributions in comparison
to the lower state |(bs¯)[11S0]〉 or |(bs¯)[13S1]〉 in almost
the entire kinematical region.
For the production of |(bs¯)[n]〉 through channel t →
|(bs¯)[n]〉+ sW+, its total decay width for all the P -wave
states is 793.6 KeV, which is about 18% (9.2%) of the
decay width of the |(bs¯)[11S0]〉 (|(bs¯)[13S0]〉) meson pro-
TABLE I: Mass of the |(bs¯)[n]〉 quarkonium under the B.T.
potential [37, 39].
n = 1 n = 2 n = 3 n = 4 n = 5
S states (GeV) 5.37 6.08 6.70 7.18 7.60
P states (GeV) 5.83 6.47 7.02 7.53
D states (GeV) 6.15 6.75 7.29
F states (GeV) 6.50 7.06
duction. For the |(bs¯)[n]〉 production via t¯ → |(bs¯)[n]〉 +
b¯W−, its total decay width for all the P -wave states is
2.092 eV, which is about 29% (23%) of that of |(bs¯)[11S0]〉
(|(bs¯)[13S0]〉). But though t¯ → |(bs¯)[n]〉 + b¯W− is the
CKM matrix element suppressed to t→ |(bs¯)[n]〉+ sW+
by |Vts|2/|Vtb|2 ∼ 0.2%, it is enhanced by the phase
space, and it is easier to a gluon hadronic generated a
ss¯ pair than a bb¯ pair. So as a combined result, the de-
cay width of t¯→ |(bs¯)[n]〉+b¯W− is very smaller than that
6TABLE II: Radial wave functions at the origin and related quantities for the |(bs¯)[n]〉 quarkonium.
|(bs¯)[n]〉 Mass and potential n = 1 n = 2 n = 3 n = 4 n = 5
ms/mb (GeV) 0.50/4.87 0.73/5.35 0.98/5.72 1.22/5.96 1.46/6.14
B.T.(nf=3) [39] 0.6516 0.6737 0.6889 0.7025 0.7808
B.T.(nf=4) [39] 1.098 0.8043 0.7569 0.8035 0.9311
B.T.(nf=5) [39] 0.7721 0.7884 0.7484 0.7058 0.8373
S states J. (nf=3) [55] 0.5505 0.6639 0.8248 0.9730 1.116
J. (nf=4) [55] 0.4814 0.5667 0.6978 0.8185 0.9346
J. (nf=5) [55] 0.3169 0.3559 0.4329 0.5053 0.5760
|R|[nS]〉(0)|2 I.O. (nf=3) [56] 0.2801 0.3497 0.4407 0.5241 0.6041
(GeV 3) I.O. (nf=4) [56] 0.2938 0.3616 0.4536 0.5382 0.6193
I.O. (nf=5) [56] 0.2996 0.3656 0.4572 0.5417 0.6230
C.K.(nf=3) [42] 0.3444 0.3911 0.4745 0.5521 0.6276
C.K.(nf=4) [42] 0.3703 0.4120 0.4958 0.5734 0.6486
C.K.(nf=5) [42] 0.4042 0.4383 0.5221 0.5997 0.6741
Cor. [38] 0.3986 0.5109 0.6608 0.8016 0.9396
ms/mb (GeV) 0.69/5.14 0.99/5.48 1.21/5.81 1.40/6.13
B.T.(nf=3) [39] 3.029 17.10 26.21 35.29
B.T.(nf=4) [39] 13.32 14.46 37.13 54.23
B.T.(nf=5) [39] 8.568 13.04 25.24 39.59
P states J. (nf=3) [55] 7.889 22.23 38.81 57.60
J. (nf=4) [55] 6.036 16.92 29.39 43.46
J. (nf=5) [55] 2.747 7.324 12.58 20.40
|R′|[nP ]〉(0)|2 I.O. (nf=3) [56] 2.546 7.377 13.11 19.69
(10−2 GeV 5) I.O. (nf=4) [56] 2.692 7.764 13.75 20.59
I.O. (nf=5) [56] 2.785 7.974 14.06 20.99
C.K.(nf=3) [42] 3.362 9.396 16.22 23.83
C.K.(nf=4) [42] 3.632 10.13 17.44 25.56
C.K.(nf=5) [42] 3.993 11.09 19.03 27.82
Cor. [38] 3.887 11.59 20.97 31.93
ms/mb (GeV) 0.75/5.40 0.98/5.77 1.18/6.11
B.T.(nf=3) [39] 0.5089 4.272 12.77
B.T.(nf=4) [39] 1.332 12.93 29.50
B.T.(nf=5) [39] 1.672 7.200 18.93
D states J. (nf=3) [55] 3.628 15.17 37.38
J. (nf=4) [55] 2.384 9.940 24.41
J. (nf=5) [55] 0.5959 2.344 5.443
|R′′|[nD]〉(0)|2 I.O. (nf=3) [56] 0.7639 3.257 8.145
(10−2 GeV 7) I.O. (nf=4) [56] 0.8089 3.443 8.591
I.O. (nf=5) [56] 0.8430 3.572 8.883
C.K.(nf=3) [42] 1.023 4.307 10.63
C.K.(nf=4) [42] 1.101 4.637 11.44
C.K.(nf=5) [42] 1.206 5.081 12.53
Cor. [38] 1.295 5.602 14.16
of t → |(bs¯)[n]〉 + sW+ by only about 1 × 10−6. Thus,
we will do not discuss the uncertainties of the |(bs¯)[n]〉
meson production through t¯ → |(bs¯)[n]〉 + b¯W− in the
next subsection.
Running at the center-of-mass energy
√
S = 14
TeV and with luminosity 1034cm−2s−1 at the LHC,
one may expect to produce about 108 tt¯-quark per
year [25, 26]. We can estimate the events number of
the |(bs¯)〉 quarkonium production through t-quark and
t¯-quark decays, i.e., 4.1× 105 |(bs¯)[11S0]〉 or |(b¯s)[11S0]〉,
7.8× 105 |(bs¯)[13S1]〉 or |(b¯s)[13S1]〉, 7.0× 104 |(bs¯)[1P ]〉
or |(b¯s)[1P ]〉 events can be obtained per year. It might
7TABLE III: Decay widths and branching fractions for the pro-
duction of the |(bs¯)[n]〉 quarkonium through t-quark semiex-
clusive decays within the B.T. potential (nf = 3).
t→ |(bs¯)[n]〉 +W+s Γ(KeV) Γ(t→|(bs¯)[n]〉+W+s)
Γ(t→W++b)
t→ |(bs¯)[1S0]〉+W+s 4528 4.0 × 10−3
t→ |(bs¯)[3S1]〉+W+s 8614 7.6 × 10−3
t→ |(bs¯)[1P1]〉+W+s 293.3 2.6 × 10−4
t→ |(bs¯)[3P0]〉+W+s 119.7 1.1 × 10−4
t→ |(bs¯)[3P1]〉+W+s 142.5 1.3 × 10−4
t→ |(bs¯)[3P2]〉+W+s 238.1 2.1 × 10−4
TABLE IV: Decay widths and branching fractions for the pro-
duction of the |(bs¯)[n]〉 quarkonium through t¯-quark semiex-
clusive decays within the B.T. potential (nf = 3).
t¯→ |(bs¯)[n]〉+W−b¯ Γ(eV) Γ(t¯→|(bs¯)[n]〉+W−b¯)
Γ(t¯→W−+s¯)
t¯→ |(bs¯)[1S0]〉+W−b¯ 9.056 3.7× 10−6
t¯→ |(bs¯)[3S1]〉+W−b¯ 7.095 2.9× 10−6
t¯→ |(bs¯)[1P1]〉 +W−b¯ 0.560 2.3× 10−7
t¯→ |(bs¯)[3P0]〉 +W−b¯ 0.915 2.4× 10−7
t¯→ |(bs¯)[3P1]〉 +W−b¯ 0.531 2.2× 10−7
t¯→ |(bs¯)[3P2]〉 +W−b¯ 0.086 3.6× 10−8
be possible to find B0s or B¯
0
s through top quark or an-
titop quark decays, since one may identify these parti-
cles through their cascade decay channels, e.g., B0s →
D−s + l
+νl, B
0
s → D∗+s D−s , B0s → D∗+s D∗−s , or
B0s → D±s K∓s , with clear signals, where l and νl stand
for lepton and neutrino accordingly. The possibility of
the production of the |(bs¯)[n]〉 or |(b¯s)[n]〉 quarkonium
via t-quark or t¯-quark decays is worth serious considera-
tion especially when the LHC upgrades [59].
C. Uncertainty analysis
In the subsection, we discuss the uncertainties for
the |(bs¯)[n]〉 quarkonium production through top de-
cays. For the present calculation, their main uncertainty
sources include the nonperturbative bound state matrix
elements, the CKM matrix elements, the renormaliza-
tion scale µR, and the constituent quark masses mb and
ms. These parameters are the main uncertainty source
for estimating the |(bs¯)[n]〉 quarkonium production. Here
we only discuss the decay widths of the |(bs¯)[n]〉 quarko-
nium production through top quark decays under the
constituent quark masses of the |(bs¯)[n]〉 quarkonium and
the wave functions at the origin of the corresponding
constituent quark masses in detail. In the following,
we shall concentrate our attention on the uncertainties
caused by ms and mb, whose center values are taken
as ms = 0.50 ± 0.10 GeV and mb = 4.87 ± 0.20 GeV.
And for clarity, when discussing the uncertainty caused
by one parameter, the other parameters are fixed to be
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FIG. 3: (color online). Differential decay widths dΓ/ds1
and dΓ/ds2 for t → |(bs¯)[n]〉 + sW+ (nf = 3), where
the dashed line, the dash-dotted line, the solid line,
the crosses line, the diamond line, and the dotted line
are for |(bs¯)[11S0]〉, |(bs¯)[13S1]〉, |(bs¯)[11P1]〉, |(bs¯)[13P0]〉,
|(bs¯)[13P1]〉, and |(bs¯)[13P2]〉, respectively.
their center values.
Typical uncertainties for ms, mb, and the values of the
wave functions at the origin of the corresponding con-
stituent quark masses are presented in Tables. V and VI.
In the Tables. V and VI, it can be found that sizable un-
certainties for varying ms and mb. The decay width will
decrease with the increment mass of ms. But the decay
width will increase with the increment mass of mb. And
such the decay width will slow vary a tendency with a
heavier quark mass.
The uncertainties are drawn by shaded bands in the
Figs. 6 and 7. In the Figs. 6 and 7, the up shaded
band is the uncertainties of the |(bs¯)[13S1]〉 meson for
the varying constituent quark masses, the middle shaded
band is that of the |(bs¯)[11S0]〉 meson, the down shaded
band is that of the |(bs¯)[1P ]〉. In the above two shaded
bands in the Figs. 6 and 7, where the solid-line in the
center of the shaded bands is for ms = 0.50 GeV and
mb = 4.87 GeV, the upper edge of the band is for ms =
0.40 GeV and mb = 4.67 GeV, which the correspond-
ingly radial wave function at the origin is |R|(bs¯)[1S]〉|2 =
0.4133 GeV 3. And the lower edge of the bands is for
ms = 0.60 GeV and mb = 5.07 GeV, and the corre-
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FIG. 4: (color online). Differential decay widths dΓ/dcosθ12
and dΓ/dcosθ13 for t → |(bs¯)[n]〉 + sW+ (nf = 3),
where the dashed line, the dash-dotted line, the solid line,
the crosses line, the diamond line, and the dotted line
are for |(bs¯)[11S0]〉, |(bs¯)[13S1]〉, |(bs¯)[11P1]〉, |(bs¯)[13P0]〉,
|(bs¯)[13P1]〉, and |(bs¯)[13P2]〉, respectively.
TABLE V: Uncertainties for the decay width of the processes
t→ |(bs¯)[n]〉 +W+s under the B.T. potential (nf = 3).
ms (GeV) 0.4 0.50 0.6
|R|(bs¯)[1S]〉|2 (GeV 3) 0.4162 0.6516 0.9316
S states Γ(t→ |(bs¯)[11S0]〉) (MeV) 5.677 4.528 3.730
Γ(t→ |(bs¯)[13S1]〉)(MeV) 11.41 8.614 6.463
ms (GeV) 0.59 0.69 0.79
|R′|(bs¯)[1P ]〉|2 (10−2 GeV 5) 2.022 3.028 4.399
P states Γ(t→ |(bs¯)[11P1]〉)(KeV) 433.6 293.3 214.7
Γ(t→ |(bs¯)[13P0]〉)(KeV) 136.6 119.7 109.4
Γ(t→ |(bs¯)[13P1]〉)(KeV) 203.8 142.5 107.6
Γ(t→ |(bs¯)[13P2]〉)(KeV) 363.1 238.1 169.0
spondingly |R|(bs¯)[1S]〉|2 = 0.9404 GeV 3. In the lowest
shaded bands, the solid-line in the center of the shaded
bands is for ms = 0.69 GeV and mb = 5.14 GeV of the
|(bs¯)[1P ]〉 constituent quark masses, the upper edge of
the band is for ms = 0.59 GeV and mb = 4.94 GeV, and
the correspondingly |R′|[1P ]〉(0)|2 = 1.999 × 10−2 GeV 5,
and the lower edge of the band is for ms = 0.79 GeV and
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FIG. 5: (color online). The ratios R[1] and R[2] versus s1
and s2 for the channel t → |(bs¯)[n]〉 + sW+ (nf = 3). Here
the dash-dotted line, the dotted line, the solid line, and the
dashed line are for |(bs¯)[11P1]〉, |(bs¯)[13P0]〉, |(bs¯)[13P1]〉, and
|(bs¯)[13P2]〉, respectively.
TABLE VI: Uncertainties for the decay width of the processes
t→ |(bs¯)[n]〉 +W+s under the B.T. potential (nf = 3).
mb (GeV ) 4.666 4.866 5.066
|R|(bs¯)[1S]〉|2 (GeV 3) 0.6458 0.6516 0.6569
S states Γ(t→ |(bs¯)[11S0]〉) (MeV) 4.498 4.528 4.555
Γ(t→ |(bs¯)[13S1]〉) (MeV) 8.468 8.614 8.751
mb (GeV ) 4.94 5.14 5.34
|R′|(bs¯)[1P ]〉|2 (10−2 GeV 5) 2.985 3.028 3.070
P states Γ(t→ |(bs¯)[11P1]〉)(KeV) 290.0 293.3 296.2
Γ(t→ |(bs¯)[13P0]〉) (KeV) 125.6 119.7 114.2
Γ(t→ |(bs¯)[13P1]〉) (KeV) 141.6 142.5 143.5
Γ(t→ |(bs¯)[13P2]〉) (KeV) 233.3 238.1 242.7
mb = 5.34 GeV, and |R′|[1P ]〉(0)|2 = 4.472× 10−2 GeV 5,
where the contributions of |(bs¯)[1P ]〉 form the color-
singlet of |(bs¯)[11P1]〉 and |(bs¯)[13PJ ]〉 (with J = [0, 1, 2])
states have been summed up.
Adding all the uncertainties caused by the constituent
quark massesms = 0.50±0.10 GeV andmb = 4.87±0.20
GeV in quadrature and the corresponding wave functions
at the origin for the process t→ |(bs¯)[n]〉+ sW+, we can
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FIG. 6: (color online). Uncertainties of dΓ/ds1 and dΓ/ds2
for t→ |(bs¯)[n]〉 + sW+, where contributions from the color-
singlet P -wave states have been summed up. The up shaded
band, the middle shaded band, the down shaded band are for
the uncertainties of |(bs¯)[13S1]〉, |(bs¯)[11S0]〉, and |(bs¯)[1P ]〉,
respectively.
obtain
Γ(t→ |(bs¯)[11S0]〉+W+s) = 4528+1149−798.0 KeV,
Γ(t→ |(bs¯)[13S1]〉+W+s) = 8614+2799−2155 KeV,
Γ(t→ |(bs¯)[1P ]〉+W+s) = 793.6+343.5−192.9 KeV.(26)
If the excited |(bs¯)[n]〉 quarkonium states decay to the
ground spin-singlet S-wave state |(bs¯)[11S0]〉 with 100%
efficiency via electromagnetic or hadronic interactions,
we can obtain the total decay width of the top quark
decay channels under the B.T. potential.
Γ(t→ |(bs¯)[11S0]〉+W+s) = 14.19+4.36−3.20 MeV. (27)
IV. SUMMARY
In the present paper, for studying the |(bs¯)[n]〉 quarko-
nium production through t-quark or t¯-quark decays, we
calculate the masses of the |(bs¯)[n]〉 quarkonium under
the B.T. potential and the values of the Schro¨dinger ra-
dial wave function at the origin of the |(bs¯)[n]〉 quarko-
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FIG. 7: (color online). Uncertainties of dΓ/dcosθ12 and
dΓ/dcosθ13 for t→ |(bs¯)[n]〉+sW+, where contributions from
the color-singlet P -wave states have been summed up. The
up shaded band, the middle shaded band, the down shaded
band are for the uncertainties of |(bs¯)[13S1]〉, |(bs¯)[11S0]〉 and
|(bs¯)[1P ]〉, respectively.
nium within the five potential models, and made a de-
tailed study on the |(bs¯)[n]〉 quarkonium production via
top quark and antitop quark semiexclusive decays chan-
nels, t → |(bs¯)[n]〉 + W+s and t¯ → |(bs¯)[n]〉 + W−b¯,
within the CSQCDFF. Results for the |(bs¯)[n]〉 quarko-
nium states, i.e., |(bs¯)[11S0]〉, |(bs¯)[13S1]〉, |(bs¯)[11P1]〉,
and |(bs¯)[13PJ ]〉 (with J = [0, 1, 2]) have been presented.
And to provide the analytical expressions as simply as
possible, we have adopted the “improved trace tech-
nology” to derive Lorentz-invariant expressions for top
quark and antitop quark semiexclusive decay processes at
the amplitude level. Such a calculation technology shall
be very helpful for dealing with processes with massive
spinors.
Numerical results show that excited |(bs¯)[1P ]〉 or
|(b¯s)[1P ]〉 states in addition to the ground 1S-wave states
can also provide sizable contributions to the |(bs¯)[n]〉 or
|(bs¯)[n]〉 quarkonium production through top quark de-
cays, so one needs to take the excited states into consid-
eration for a sound estimation. If all the excited states
decay to the ground state |(bs¯)[11S0]〉, we can obtain the
total decay width for the |(bs¯)〉 quarkonium production
through top quark decays as shown by Eq. (27). At the
10
LHC, due to its high collision energy and high luminos-
ity, sizable |(bs¯)[n]〉 or |(b¯s)[n]〉 quarkonium events can
be produced in t-quark or t¯-quark decays; i.e., about
1.3×106 |(bs¯)〉 or |s[n]〉|(b¯s)〉 quarkonium events per year
can be obtained.
Acknowledgements: This work was supported in
part by the Natural Science Foundation of China un-
der Grant No.11347024, the Scientific and Technologi-
cal Research Program of Chongqing Municipal Educa-
tion Commission under Grant No. KJ1401313 and the
Research Foundation of Chongqing University of Science
and Technology under Grant No. CK2016Z03, the Natu-
ral Science Foundation Project of CQCSTC under Grant
No. 2014jcyjA00030.
[1] D. Acosta et al. (CDF Collaboration), Phys. Rev. Lett.
94, 101803 (2005).
[2] T. Aaltonen et al. (CDF Collaboration), Phys. Rev. Lett.
100, 082001 (2008).
[3] A. Abulencia et al. (CDF Collaboration), Phys. Rev.
Lett. 97, 062003 (2006); A. Abulencia et al. (CDF Col-
laboration), Phys. Rev. Lett. 97, 242003 (2006).
[4] V.M. Abazov et al. (D0 Collaboration), Phys. Rev. Lett.
94, 042001 (2005); Phys. Rev. Lett. 98, 121801(2007).
[5] R. Aaij et al. (LHCb Collaboration), Phys. Lett. B 698,
115 (2011); Phys. Lett. B 698, 14 (2011).
[6] R. Aaij et al. (LHCb Collaboration), Phys. Lett. B 699,
330 (2011).
[7] R. Aaij et al. (LHCb Collaboration), Phys. Lett. B 708,
55 (2012).
[8] R. Aaij et al. (LHCb Collaboration), Phys. Rev. Lett.
108, 151801 (2012).
[9] R. Aaij et al. (LHCb Collaboration), Phys. Rev. Lett.
108, 231801 (2012).
[10] A. Arbey, M. Battaglia and F. Mahmoudi, Eur. Phys. J.
C 72, 1906 (2012).
[11] R. Aaij et al. (LHCb Collaboration), Phys. Rev. Lett.
108, 101803 (2012).
[12] R. Aaij et al. (LHCb Collaboration), Phys. Rev. Lett.
108, 201601 (2012).
[13] R. Aaij et al. (LHCb Collaboration), Phys. Lett. B 707,
497 (2012).
[14] R. Aaij et al. (LHCb Collaboration), Phys. Lett. B 713,
378 (2012).
[15] P. Nason, S. Dawson and R.K. Ellis, Nucl. Phys. B 327,
49 (1989); Nucl. Phys. B 335, 260 (1990).
[16] W. Beenakker, H. Kuijf, W. L. van Neerven and J. Smith,
Phys. Rev. D 40, 54 (1989).
[17] J.W. Zhang, Z.Y. Fang, C.H. Chang, X.G. Wu, T. Zhong
and Y. Yu, Phys. Rev. D 79, 114012 (2009).
[18] J.W. Zhang, Z.Y. Fang, X.G. Wu, T. Zhong, Y. Yu and
J. Jiang, Eur. Phys. J. C 73, no. 6, 2464 (2013).
[19] M. Artuso et al. (CLEO Collaboration), Phys. Rev. Lett.
95, 261801 (2005).
[20] G.S. Huang et al. (CLEO Collaboration), Phys. Rev. D
75, 012002 (2007).
[21] R. Sia and S. Stone, Phys. Rev. D 74, 031501 (2006);
Phys. Rev. D 80, 039901 (2009).
[22] A.G. Drutskoy, F.K. Guo, F.J. Llanes-Estrada,
A.V. Nefediev, and J.M. Torres-Rincon, Eur. Phys.
J. A 49, 7 (2013).
[23] C. Oswald and T.K. Pedlar, Mod. Phys. Lett. A 28,
1330036 (2013).
[24] G. Abbiendi et al. (OPAL Collaboration), Eur. Phys. J.
C 11, 587 (1999).
[25] C.H. Chang and Y.Q. Chen, Phys. Rev. D 48, 4086
(1993); C.H. Chang, Y.Q. Chen, G.P. Han, and
H.T. Jiang, Phys. Lett. B 364, 78 (1995); C.H. Chang
and X.G. Wu, Eur. Phys. J. C 38, 267 (2004);
R.M. Thurman-Keup, A.V. Kotwal, M. Tecchio, and
A.B. Wagner, Rev. Mod. Phys 73, 267 (2001).
[26] A.V. Berezhnoi, A.K. Likhoded, and M.V. Shevlya-
gin, Phys. Atom. Nucl. 58, 672 (1995); S.S. Gershtein,
V.V. Kiselev, A.K. Likhoded, and A.V. Tkabladze, Phys.
Usp. 38, 1 (1995).
[27] G.T. Bodwin, E. Braaten, T.C. Yuan, and G.P. Lepage,
Phys. Rev. D 46, 373(1992).
[28] G.T. Bodwin, E. Braaten, and G.P. Lepage, Phys. Rev.
D 51, 1125 (1995); G.T. Bodwin, E. Braaten, and G.P.
Lepage, Phys. Rev. D 55, 5853(E) (1997).
[29] S. Catani, M. Ciafaloni and F. Hautmann, Phys. Lett. B
242, 97 (1990); Nucl. Phys. B 366 135 (1991).
[30] C.H. Chang, J.X. Wang, and X.G. Wu, Phys. Rev. D 77,
014022 (2008); X.G. Wu, Phys. Lett. B 671, 318 (2009).
[31] C.H. Chang and Y.Q. Chen, Phys. Rev. D 46, 3845
(1992).
[32] L.C. Deng, X.G. Wu, Z. Yang, Z.Y. Fang, and Q.L. Liao,
Eur. Phys. J. C 70, 113 (2010).
[33] Z. Yang, X.G. Wu, L.C. Deng, J.W. Zhang, and G. Chen,
Eur. Phys. J. C 71, 1563 (2011).
[34] Q.L. Liao, X.G. Wu, J. Jiang, Z. Yang, and Z.Y. Fang,
Phys. Rev. D 85, 014032 (2012).
[35] Q.L. Liao, X.G. Wu, J. Jiang, Z. Yang, and J.W. Zhang,
Phys. Rev. D 86, 014031 (2012).
[36] Q.L. Liao, Y. Yu, Y. Deng, G.Y. Xie and G.C. Wang,
Phys. Rev. D 91, 114030 (2015).
[37] Q.L. Liao and G.Y. Xie, Phys. Rev. D 90, 054007 (2014).
[38] E. Eichten, K. Gottfried, T. Kinoshita, K.D. Lane, and
T.M. Yan, Phys. Rev. D 17, 3090 (1978); 21, 313 (E)
(1980); 21, 203 (1980); E. Eichten and F. Finberg, Phys.
Rev. D 23, 2724 (1981).
[39] W. Buchmu¨ller and S.-H.H. Tye, Phys. Rev. D 24,
132(1981).
[40] A. Martin, Phys. Lett. B 93, 338 (1980).
[41] C. Quigg and J.L. Rosner, Phys. Lett. B 71, 153 (1977).
[42] Y.Q. Chen and Y.P. Kuang, Phys. Rev. D 46, 1165
(1992), D 47, 350(E) (1993).
[43] N. Brambilla, A. Pineda, J. Soto, and A. Vairo, Nucl.
Phys. B 566, 275 (2000).
[44] N. Brambilla et al. (Quarkonium Working Group), Eur.
Phys. J. C 71, 1534 (2011); N. Brambilla, A. Pineda,
J. Soto, and A. Vairo, Rev. Mod. Phys. 77, 1423 (2005)
[45] G.T. Bodwin, D.K. Sinclair, and S. Kim, Phys. Rev.
Lett.77, 2376 (1996).
[46] Y.Q. Chen, Phys. Rev. D48, 5181(1993); A. Petrelli, M.
Cacciari, M. Greco, F. Maltoni and M.L. Mangano, Nucl.
Phys. B514, 245(1998).
11
[47] C.H. Chang, C. Driouich, P. Eerola, and X.G. Wu, Com-
put. Phys. Commun. 159, 192 (2004); C.H. Chang, J.X.
Wang, and X.G. Wu, Comput. Phys. Commun. 174, 241
(2006); 175, 624 (2006); X.Y. Wang and X.G. Wu, Com-
put. Phys. Commun. 183, 442 (2006).
[48] R. Kleiss and W.J. Stirling, Nucl. Phys. B 262, 235
(1985).
[49] Z. Xu, D.H. Zhang, and L. Chang, Nucl. Phys. B 291,
392 (1987).
[50] C.F. Qiao, Phys. Rev. D 67, 097503 (2003).
[51] P. Falkensteiner, H. Grosse, F.F. Scho¨berl, and P. Hertel,
Comput. Phys. Commun. 34, 287 (1985).
[52] J. Beringer et al. (Particle Data Group), Phys. Rev. D
86, 010001 (2012).
[53] W. Buchmu¨ller, G. Grunberg, and S.-H.H. Tye, Phys.
Lett. B45, 103(1980).
[54] E.J. Eichten and C. Quigg, Phys. Rev. D 52, 1726 (1995).
[55] J.L. Richardson, Phys. Lett. B 82, 272 (1979).
[56] K. Igi and S. Ono, Phys. Rev. D 33, 3349 (1986).
[57] S.M. Ikhdair and R. Sever, Int.J. Mod. Phys. A 19, 1771
(2004).
[58] J. Alcaraz et al., arXiv:0911.2604.
[59] A. Blondel et al. CERN Report No. CERN-PH-TH/2006-
175, 2006.
